Biodiesel is a biofuel used as an alternative for petroleum diesel. The main obstacle in the widespread use of biodiesel lies mainly on its cost and current state of the technology to process a wide array of feedstock. The cost of biodiesel production is still high compared to that of petroleum based diesel fuel. The decrease of production cost can be achieved through the utilization of cheap, low quality feedstock and the development of simpler production process. In-situ (trans) esterification (ISTE) is an alternative route in synthesizing or producing biodiesel. ISTE involves lesser steps as it eliminates the need for lipid or oil extraction prior to (trans)esterification. A detailed comparison of the various strategies, mechanism involved and technologies developed since 1985 on ISTE processes is described in this review. This review tackles several technological gaps needing to be bridged and addressed in future studies. Furthermore, future prospects and possible developments in ISTE is also looked into.
Use of biodiesel as an alternative fuel
The interest in using fuels derived from vegetable oil was triggered by several factors including: environmental concerns to reduce greenhouse gas emissions [1] ; depleting crude oil reserves [2] and volatility of crude oil prices due to geopolitical tension in the Middle East [3] . Although, vegetable oil based fuels could generally be referred to as biodiesel, the term "biodiesel" is often used to refer to the ester products produced in the (trans)esterification of lipids.
(Trans)esterification process involves reacting acylglycerides and free fatty acid (FFA) with short chain alcohols. Earlier approaches to synthesize biodiesel only employed methanol/ ethanol as the source of alkyl group. Recent approaches involved the use of short chain esters or acetates (methyl/ethyl acetate) [4] [5] [6] , alkyl carbonates (dimethyl/diethyl carbonate) [6] [7] [8] [9] [10] , through both trans and (inter)esterification.
Government policies (mandates and targets)
According to United States Energy Information Administration (USEIA) [11] , 10 gallons of diesel is produced for every 42 gallons of crude oil (approx. 24%). Although diesel may be used in energy generation it is widely noted for its use as transportation fuel. As an estimation, a barrel of biodiesel is equivalent to 0.88 barrel of crude oil [12] , implying that $ 14% more of the world diesel consumption should be produced if biodiesel were to entirely replace petro-diesel.
As of the moment, countries and different regions around the world mandate or aim to utilize biodiesel as fuel in transportation at a blend of 2-20% (B2 to B20) [13] . Table 1 compares the annual biodiesel production and the required biodiesel based on mandate of countries around the world.
Germany, Argentina, Brazil, France and Indonesia are among the top biodiesel producing countries. Only Philippines and Taiwan have produced enough biodiesel to realistically meet their country's mandate. A review published in 2006 reported the top ten countries to have the potential to produce biodiesel (Table 2) based on the commercially traded and exported processed plant oils and animal fats by each country [14] . Malaysia is far ahead of others based on its potential to produce biodiesel and has been misquoted by many to be listed as the top biodiesel producing country. Data gathered from USEIA showing the top ten producers of biodiesel based on their total annual production as of 2011 as summarized in Table 2 , resulted to a different list as compared to the top ten potential countries. European countries lead by Germany top the world production of biodiesel, while only Indonesia among the top potential Asian countries has made it to the top five producing countries.
With the large gap between the biodiesel demand and the current production capacity, there is still room for improvement which requires intensive research in order to realistically meet the demands. USA is the top consumer followed by Germany and Spain. Interestingly, not all the top producers of biodiesel are the largest biodiesel consumers with some countries consuming more than their annual production.
Challenges in biodiesel production
With regards to feedstock for producing biodiesel, 28% of feedstock that the potential countries uses is soybean oil, 22% is palm oil, 20% is animal fats, 11% is coconut oil, while rapeseed, sunflower and olive oil each is 5% [2, 15] . These feedstock oils are mostly edible. The use of edible oil as biodiesel feedstock competes with human consumption for food. Moreover, using refined edible oils in biodiesel production has been estimated to account for 70% of the total production cost.
To address these concerns, researches have been looking into alternative feedstock specifically from non-edible plant and microbial sources and waste oils. Problems associated with these types of feedstock are the presence of significant amount of impurities like FFA, moisture, waxes and gums, which would require additional processing steps before these feedstock can be used for biodiesel production using the conventional basecatalyzed process. Otherwise, a process requiring the use of specific catalyst and/or solvent conditions may be needed to effectively utilize this feedstock.
In order to realize the widespread use of biodiesel, its production should not be based on a single feedstock. Utilization of a pool of potential feedstock might be necessary to meet the demands for biodiesel yet maintaining environmental balance. If this has to be adopted, a versatile and robust process should be developed, capable of processing a wide range of feedstock with a fixed processing condition, whereby allowing ease in operation and reduced pretreatment steps. Another important consideration is the reduction of cost through maximized utilization of the feedstock and co-production of biomass based products, which could either be "high value-low volume" or "low value-high volume" products.
In view of the many challenges involved, a possible workaround in the production of biodiesel is the improvement of the biodiesel production process through in-situ (trans) esterifictaion. This review focuses on the advancements of the process and potential gaps needed to be filled in order to realistically employ it at industrial scales. It is the objective of this review to look into the parameters, measures and responses affecting the said process. This review also tackles the mechanism involved in in-situ transesterification, its potentials, economic viability and future prospects of the process.
Conventional vs. in-situ biodiesel production
Various processes have been developed for the production of biodiesel. These processes could be classified according to the catalyst used, state of the solvent involved or even according to steps or stages implemented during the (trans)esterification process. In a broader perspective, (trans)esterification processes can generally be classified into the conventional and in-situ processes. As can be seen in Fig. 1 , conventional (trans)esterification processes involve the extraction of oils or lipids from biomass, which then is further processed to produce biodiesel. On the other hand, in-situ process in the context of transesterification refers to the direct use of the lipid-rich biomass without prior extraction of the lipids and allowing the (trans)esterification reaction to take place within the solid matrix [16] [17] [18] . However, reaction usually takes place while extraction of the lipids and/or the products simultaneously occurs, which may technically be referred to as reactive extraction [19, 20] . In certain cases, extraction and (trans)esterification reaction may actually occur sequentially and is still referred to by several studies as direct or in-situ (trans) Table 2 Top ten countries in terms of potential, production and consumption of biodiesel in million liters per annum [11, 12, 14] .
Rank
Potential countries Capacity (ML) Producing countries Produced (demand) a Demand is estimated based on the petro-diesel consumption and reported biodiesel policy. esterification [21] [22] [23] . Nevertheless, through these processes, biodiesel could be produced with fewer overall production steps. A detailed discussion of the mechanism to define ISTE will be discussed in detail in the later Section (3.3.7) An obvious difference in the major production steps is the need to extract and the possible need to refine the lipid material from solid feedstock in separate processing steps. Mechanical press and solvent extractor used in the extraction process and refining of oils are usually costly. Eliminating the oil extraction steps not only reduces the production steps but may also result in a lower initial investment cost and reduced overhead cost. The quality of biodiesel produced from ISTE has been tested by Hass and Scott [24] and compared to ASTM D6751 standards, while Kasim et al. [3] later also compared these results to EN 14214 standards, with the FAME produced passing all the standard tests. In certain cases it requires additional washing to eliminate or lower down the FFA content. To have a better understanding of the potentials and drawbacks of ISTE process, a thorough review of the developments in the past 30 years on ISTE will be discussed in the subsequent sections.
Process indicators
Process indicators are numerical measures to express the efficiency of a process which are purity, yield and conversion.
Purity
Purity of the biodiesel is commonly measured and calculated from results of chromatographic analysis of biodiesel product. Results are often expressed as percentage of methyl or ethyl esters in the product.
Yield
Process yield (Y P ) is a measure of a plant, reactor or process performance, defined as the amount of product (biodiesel) produced relative to the amount of theoretical maximum (stoichiometric) [25] product possibly produced from the feedstock or raw material utilized in a process (Eq. (1)). Several different definitions for yield are available [25] .
Conventional biodiesel production yield (Y L ) may simply be the total amount of biodiesel produced per amount of oil/lipid processed during the reaction (Eq. (2)). This definition is adopted since the lipid material involved is usually a mixture of various compounds contributing to produce biodiesel. The same may be adopted in ISTE to have a comparison with the conventional process, but requires the prior knowledge of how much oil is contained in the biomass being used in ISTE. Since solid biomass is directly used in ISTE, yield (Y S ) is better expressed as the amount of biodiesel produced relative to the amount of oil-bearing biomass processed (Eq. (3)).
Yield in terms of available lipid material (Y L ) and in terms of the solid biomass (Y S ) processed can be related through the amount of lipid material present or contained in the biomass.
Conversion and Selectivity
Conversion is defined as the fraction of a specified reactant that reacted (Eq. (4)), while selectivity is a measure of how efficient the reactant is converted to the desired product, which is related through the reactions stoichiometry (Eq. (5)). Multiplying conversion and selectivity gives process yield (Y p ).
Selectivity; S ¼ M productðFAMEÞ M lipid material reacted Â F stoichiometric factor ð5Þ
Productivity
An important indicator but often not taken into consideration is the process productivity. For a generalized definition, Eq. (6) may be adopted.
3. In-situ (trans) esterification (ISTE)
Harrington and D'Arcy-Evans works [16, 18] are among the earliest to study ISTE process or direct transesterification of oils in sunflower seeds in 1985. But technically speaking, this approach may be dated back to 1966 when Dugan [17] carried out direct acid catalyzed methylation of lipids in biological materials. The next publication involving this process appeared in 1998 and gained much interest from researchers after another decade starting in 2006-2007 using oil bearing seeds, agricultural biomass and microbial biomass. A possible reason behind the renewed interest in ISTE is due to the economics of conventional biodiesel production. In 2006, Haas and co-workers revealed in an economic analysis that the use of refined lipid as biodiesel feedstock occupies almost 70% of total operating cost in biodiesel production [26] . Significant increase of effective biodiesel production research may also be due to political influences resulting from government funding and mandates [27] . Fig. 2 shows a histogram on the researches and publications on ISTE between 1985 and 2015.
Feedstock classification and characteristics
Over 350 oil bearing materials have been explored for potential feedstock for biodiesel production [15] . They can be classified into oil seeds, agricultural residues and microbial biomass. A pool of potential feedstock is necessary in order to cater the demand in biodiesel, since most of these feedstock are often bound to seasonal, climatic and geographical limitations. Interestingly, among the hundreds of feedstock explored, only a fraction has been investigated for possible use in ISTE. Table 3 is a summary of common feedstock reported in literature, which have been utilized in ISTE process. The common characteristics of the feedstock that most researches looked into for biodiesel production includes: lipid content, FFA content, moisture content and productivity or availability of the feedstock. As can be seen in Table 3 , several of the characteristics of a given feedstock are usually not reported, which could greatly influence the assessment of the potential of using such feedstock. Each of these characteristics will be discussed in the following sections. Data of the annual production and yield of agricultural oil seeds of all countries can be found in the database of the Statistical Division of the Food and Agricultural Organization of the United Nations (FAOSTAT). But listed in the data banks are mostly edible agricultural sources. Potential non-edible feedstock is not taken into account probably due to their lower trade quantities in the global market. For potential non-edible feedstock, yields and productivity are often reported in journals referring to experimental results and estimations which are prone to high variability and errors. Productivity of several agricultural feedstock and oleaginous microbial species can be seen elsewhere [28] .
Lipid content
The maximum extractable lipid of a biomass is usually determined by solvent extraction. Oil seeds normally comprise two distinct parts: the kernel where most lipids/oils are stored and the shell which contains very little lipid (o2%). Lipid contents may vary due to the differences in soil and nutrient conditions during cultivation and/or the handling of the seeds during lipid extraction.
Of the agricultural feedstock explored for ISTE, lipid contents below 20% can be associated with agricultural residues like bran, distiller grains and spent coffee grounds. Lipid content in oil seed is typically over 25% and can be as high as 50% for edible oil seeds and up to 70% for non-edible oil seeds. Lipid content is one of the important criteria for feedstock selection, but its availability and productivity plays an important role as part of the feedstock selection.
The variation of lipid content in microbial biomass and its profile are often explained as the consequence of differences in culturing. The only rule of thumb agreed in this field is that, the term oleaginous microbial biomass refers to the lipid content in dry biomass in excess of 20%. Among microorganisms, bacteria have the fastest growth rate, yet are unsuitable for biodiesel synthesis due to difficulty in extracting its extracellular polyhydroxyalkanoates which is the most abundant neutral lipid produced [29] . Thus, microorganisms like microalgae and yeast are widely studied due to its high lipid content (up to 50 wt%). Recently, fungi like Aspergillus candidus [30] have also been explored. 3.1.2. FFA and moisture contents FFA and moisture contents are two important characteristics of both lipid and biomass. In conventional base-catalyzed biodiesel production, FFA and moisture content below 0.5 and 0.05%, respectively [31, 32] are required to avoid saponification. Acidcatalyzed (trans)esterification can tolerate higher FFA and moisture contents (0.5%) [33] but has its own limitations [34] . For enzymatic processes, the presence of water influences the reaction equilibrium and enzyme activity but its amount is highly dependent on feedstock and nature of the enzyme used [34] . In noncatalytic process under subcritical or supercritical solvent conditions, FFA (up to 30%) and water (up to 50%) present in the system may contribute as catalyst as reported in certain studies [35] [36] [37] [38] . Generally, a process with higher tolerance to water is preferable as it tends to also have higher tolerance to FFA.
FFA content in ISTE process can be viewed in the same context with conventional processes, except for the fact that storage time of the biomass affects the FFA levels of the extractable lipid. As can be seen in Fig. 3 , FFA levels in biomass increased significantly with increasing storage time, especially for microbial biomass (1-4 days) even when stored at 4°C [39] .
Compared to agricultural biomass, microbial biomass has higher FFA content (4 2%). Biosynthesis of lipid always starts with the synthesis of fatty acids that are then joined to a glycerol phosphate backbone before being accumulated in the cell [40, 41] . During the forced oil accumulation, inhibition of protein production occurs and disturbs this pathway therefore leaving more unreacted FFA in the cell. The other possibility is hydrolysis of the produced triacylglycerol (TG) by catalysis reaction of intracellular lipase [41] .
Lipid constituents (AG, PL, WE) in the biomass are degraded to FFA through hydrolysis due to the presence of lipases, peroxidases and phospholipases in biomass [39, 42, 43] . Formation of FFA may be avoided if biomass is stored below 0°C [39, 43] or if biomass is stabilized through drying or heating to remove moisture and deactivate the enzymes [43] . Employing these treatments would be difficult if not impossible. This is due to the dispersed nature of the biomass and the difficulty to continuously gather freshly harvested biomass and these treatments require high energy inputs which affects overall production cost.
Agricultural biomass contains moisture not exceeding 10%, while microbial sources contain as much as 90% (Table 1 ) and can be reduced to 70-80% after dewatering [39, 44, 45] . As mentioned earlier, the presence of water influences the FFA content during storage but its total removal would be difficult and impractical. A detailed review of recent advances (2010-2014) in utilizing wet algal biomass during extraction and (trans)esterification has been done by Park et. al. [46] . Nevertheless, with these considerations at hand, it is thus important that a robust process should be developed to cater the wide variability of a feedstock and/or the range of potential feedstock available.
Alky donors or acyl acceptors
Another reactant involved in biodiesel production is the alkyl donor or acyl acceptor, which at the same time acts as solvent in the reaction. A list of alkyl donors and their properties are summarized in Table 4 .
The most widely used alkyl donors are alcohols, specifically methanol. Recent developments have successfully used crude biomethanol from wood gasification making biodiesel fully renewable [47] . Apart from bio-methanol, another alternative is the use of ethanol. Ethanol is preferred to certain extent due to its better solubility with oils and its lower toxicity compared to methanol. The exploration of alternative acyl acceptors are due to various reasons including: solubility between reactants [6] , renewability of solvent of acyl acceptor [48] , toxicity towards the catalyst [6] , reaction reversibility [8] , environmental and health concerns [7, 48] , but more importantly to result in a glycerol free process, and to improve the quality of fuel produced and overall economics of the process [49, 50] .
The use of alcohols in transesterification produces glycerol as a by-product, but due to the increasing scales of biodiesel production, the value of glycerol in the world market has significantly declined [49, 51] . Employing other alkyl donors like short chain acetates and alkyl carbonates resulted in more valuable byproducts including triacetin (TA), glycerol carbonate (GC) and citramalic acid [7, 9, [49] [50] [51] . Non-alcohol alkyl donors provide certain advantages but are derived from their parent alkyl alcohols, which may entail higher cost. However, despite the low solubility, alcohols have higher reactivity as alkyl donor due to its simpler and smaller molecular structure.
Catalytic or non-catalytic ISTE/reactive extraction process
ISTE process may be further classified into catalytic and noncatalytic or according to the state of the solvent or reaction system into sub and supercritical. In the following sections, selected literatures will be discussed to provide better insights into the different ISTE processes.
Acid catalyzed ISTE/reactive extraction
Acid catalyst is favorably used for feedstock with high FFA and moisture contents (Table 5) , to prevent soap formation. Sulfuric acid is commonly used using methanol or ethanol acting as alkyl donors [16, 18] . Harrington and D'Arcy-Evans [18] reported that ISTE is a more efficient process than conventional methods due to the higher FAME yields. This was due to the fact that lipid components of the seed that were not extractable in conventional solvent extraction were converted into FAME. Both extracted kernel meals and seed hulls of sunflower still yielded certain amounts of FAME when utilized in ISTE [18] . Shells of sunflower comprise about 60% of the seeds dry weight [52] , its extractable lipid iso2% and might yield to only as much as 5% of FAME when utilized in ISTE [18] , thus making it not practically favorable in terms of process productivity. A separate study using ground sunflower kernels alone [53] resulted in higher FAME yields, since the starting material tend to have higher lipid content due to the removal of hulls or shells.
Non-edible feedstock like rice bran with its high FFA content have also been explored and is one of the most extensively studied feedstock due to its abundance and low cost. Ozgul-Yucel [54, 55] , initiated the study on using low quality rice bran (FFA content 74-85%). As shown in Fig. 3 , bran stored over 2 months resulted in an FFA content of over 60% in the bran oil. Yustianingsih et al. [56] explored the use of rice bran with low (o20%) and medium (o50%) FFA content and obtained 89-96% FAME yield using the same process conditions for both bran qualities, making it favorable for industrial application. Table 6 is a summary of some microbial biomass studied in ISTE. Unfortunately, most studies used dry biomass and if wet biomass was utilized, its FFA content was not reported. Although high yields could still be obtained using wet biomass, much longer reaction times were required.
Compared to the conventional process, the amount of solvent, alkyl donor and sulfuric acid needed in ISTE is on average higher [57] . This is due to the high water content of biomass in ISTE process, which reduces acid concentration in the reaction and hinders solvent to lipid interaction. Other parameters, such as temperature, pressure, and reaction time are comparable to the conventional process.
Greener alternatives that have been proposed to substitute sulfuric acid are solid Lewis acids. The use of solid acid catalysts comes at the cost of lower reaction rate and higher reaction temperature and time. For ISTE, homogeneous acid is still favorable, as heterogeneous catalyst complicates the separation of residual solid biomass and reuse of the catalyst.
Base catalyzed ISTE/reactive extraction
In contrast to conventional process, the use of base catalyst in ISTE was explored much later than acid catalyst. In 2004, Haas [58] initiated the use of base catalyst and found that moisture content of 2-9% in soybean distiller grain [24] and bone meals [59] can be tolerated due to the excess methanol used in ISTE thus, diluting the water present in the system.
Compared to agricultural biomass, the main obstacle for microbial biomass in using base as catalyst is its high FFA content. Velasques-Orta [60] used base as catalyst for the ISTE of microalgae containing 3.4% FFA but still obtained 4 95% yield. Base catalyst is in principle not capable of converting FFA to FAME. The high amounts of alcohols used in ISTE results in suppressing saponification reaction. Base catalyst has been applied to a wide range of feedstock and alcohols as shown in Tables 7 and 8 . 
Sunflower seed O: 37. Among base catalysts, metal alkoxides such as CH 3 ONa are believed to be better than metal hydroxides This can be seen in the ISTE of Jatropha in Table 6 that proved the superiority of sodium alkoxide catalyst in the reaction time required over the phasetransfer catalyst assisted sodium hydroxide. The use of solid base catalyst (SrO/SiO 2 and Mg-Zr) has also been explored but the presence of moisture completely inhibited the reaction in the case of SrO-SiO 2 [61] . A constant problem in using solid catalyst for ISTE is the separation of solid and catalyst after reaction. Li [22] employed Mg-Zr as solid catalyst and utilized a Soxhlet extractor to carry out the reaction. The setup allowed the extraction of lipids from solid and subsequently converted the extracted lipids in the solvent flask containing the catalyst to FAME. A possible solution to this problem was proposed by Wu et al. [62] , with the use of magnetic catalyst (S 2 O 8 2 À /ZrO 2 -TiO 2 -Fe 3 O 4 ) allowing the separation of solid catalyst with the aid of a magnetic field. The magnetic catalysts was successfully reused for 8 times, maintaining a FAME yield of $ 85% and a catalyst recovery of $ 90% by weight [62] . Disregarding its sensitivity to water and FFA, base catalyst is preferred over acid due to its higher activity, moderate reaction condition needed, and lower corrosion risk than acid catalyst. Larger amounts of alcohols and more base catalyst is also required in ISTE process than the conventional process [57] .
Two-step acid-base catalyzed ISTE/reactive extraction
Two-step acid-base catalyzed process is a strategy to obtain better FAME productivity from feedstock with high FFA and moisture content. This strategy proceeds by the esterification of FFA with an acid catalyst and then transesterification of the remaining oil in the feedstock. This has also been carried out in conventional biodiesel production but in most cases the esterified products in the first step is firstly allowed to separate from the water produced and then further reacted to completion. Shui et al. [63] introduced a simpler approach using rice bran as the feedstock in which after the esterification step, excess base was directly added to neutralize the acid catalyst and the remaining base catalyst not consumed during neutralization was left to catalyze the second reaction step.
As can be seen in Table 9 , this strategy has been successfully applied in the ISTE of feedstock with high FFA and water contents [63] [64] [65] . Compared to the single step acid or base catalyzed ISTE, this process can have a wider application due to its better tolerance to FFA and water, and results in high productivity due to the shorter reaction time required. The use of modified Soxhlet to carry out this approach was also successfully done by Lei [66, 67] allowing easy separation of solid and products.
However, addition of excess base in the second step is a big drawback in this process. Dong et al. [68] used an approach by applying solid acid catalyst (Amberlyst-15) packed in a fine stainless steel mesh, the by-products from neutralization could be minimized without difficulties in separating and recycling of catalyst. Although this was effectively carried out in lab scale with high catalyst reusability (8 batches), an effective design of the reactor should be taken into consideration for effective mixing and contact with the catalyst as it required up to 30% of catalyst based on biomass weight. This was only applied to a biomass sample having relatively low lipid content ( $ 12%) wherein the resulting water due to esterification might be low enough for the base catalyzed reaction. The seemingly disadvantageous neutralization step when utilizing H 2 SO 4 may actually provide better tolerance to water as the metal sulfates (Na 2 SO 4 or K 2 SO 4 ) formed during reaction may act as sorbents for water present in the reaction.
Enzyme catalyzed ISTE / reactive extraction
The use of enzyme as catalyst in biodiesel production is not very new but its application to ISTE has only been explored by a few. A summary of these studies is given in Table 10 . Unlike acid and base catalyzed ISTE the dominant alkyl donor utilized in enzyme ISTE are alkyl acetates and dialkyl carbonates.
Enzymes are believed to be environmentally benign and capable of achieving high yields of FAME (86-96%). A major hindrance to its application in industry is its high cost. In order to cut down cost most lipases are typically immobilized in order for ease of recovery and reuse. However, the nature of ISTE processes involves solid biomass as feedstock making a potential problem for separation of the residual biomass and the immobilized lipase. Gao's group [69] [70] [71] , provided two solutions to this problem: (1) the utilization of indigenous lipase in germinating seed/kernels; (2) the use of catalyst basket made of stainless steel mesh for ease of separation and recovery of the immobilized enzyme. Tran [72] on the other hand immobilized the lipase on Nano Fe 3 O 4 -SiO 2 and recovered the lipase by inducing a magnetic field over the reaction products.
The first alternative seems very promising but it requires a germination period ($ 4 days) in order to ensure high lipase activity [69] . The second approach seems more practical. The reuse of lipase (lipozyme TL IM) in ISTE process resulted in at least 5 reuse/batches before its activity started dwindling [70] . Lipozyme TL IM has been suggested for utilization in biodiesel production due to its cheaper cost ($800/kg) compared to the well-studied and widely used Novozym 435 ($9500/kg) [70] . The use of lipase immobilized on Nano Fe 3 O 4 -SiO 2 was successfully carried out with high tolerance to moisture ($ 71%) but after the third cycle the activity dropped to less than 80% of its original activity [72] .
Alcohol is required in higher amount than conventional process, which inhibits enzyme activity. In conventional process, a small amount of alcohol is added over the reaction duration to avoid such inhibitory effect, which is not applicable in ISTE. To resolve this problem 2 approaches were proposed: the use of cosolvent [69, 71] ; and the use of alkyl donor less toxic to lipase.
Gu [69] used hexane (2.5 mL/g seed) as the co-solvent and found that hexane added less than the optimum amount resulted in lower enzyme activity due to lower capacity to extract oil and higher methanol concentration inhibited lipase activity. Excess hexane also resulted in lower activity due to dilution of both oil and methanol leading to slower reaction rate. Jiang [70] explored the use of co-solvents over a solid to solvent ratio (SSR) of 2.5-4.5 ml/g including n-hexane, tert-butanol, petroleum ether and dichloromethane with Lypozyme TL IM as the catalyst. Hexane (3.5 ml/g) was found to provide the highest enzyme activity followed by petroleum ether, tert-butanol and dichloromethane. The 2 studies resulted in different optimum hexane to biomass ratio probably due to difference in the lipase used. Other researchers proposed the use of alkyl acetates and dialkyl carbonates, which were found to have comparable oil extraction capacity with hexane [6, 10] and at the same time served as the alkyl donor. Enzyme has been known for its specificity, thus avoiding side reactions. The specificity of an enzyme depends on the nature of the solvent utilized and the characteristic and quality of the substrate. As can be seen from Table 1 , substrate with specific amount of water content and oil quality (high FFA or low FFA) with the enzyme utilized would require different amount of alkyl donor. This inherent nature of enzyme might hinder its industrialization due to lack of robustness.
Supercritical and subcritical ISTE
Operating temperatures and pressures above the critical points of alcohols or any other alkyl donors were considered to be supercritical and those below the critical point but above their boiling points were taken to be subcritical. Compared to alkyl donors, lipids or oils have much higher critical temperatures (4600°C). Bunyakiat [73] estimated the pseudo critical points of methanol and oil mixture using Berthelot mixing rule and Lydersen's method of group contribution and found that for the entire system to be under supercritical state the temperature and pressure should be over 280°C and 6.8 MPa, respectively at a methanol to oil molar ratio of 42. A ratio lower than 42 would require higher temperature for the system to reach pseudo-critical state. This type of estimation was also adopted by Lee and Lim [74] employing Constantinuo-Gani group contribution and assuming that the presence of solid has little or no effect on the estimation. The same approach was also carried out by Go et al. [75] where a mixture of subcritical solvents was used. As a general rule in ISTE due to the large excess of alkyl donors, system with temperature below the alkyl donor's critical point but above its boiling point may safely be assumed as under subcritical state. On the other hand a system with temperature over 300°C may be assumed to be at the pseudo-supercritical state, while those between the critical temperatures and below 300°C should be further evaluated depending on the reaction mixture involved.
The use of supercritical alcohols in biodiesel production was introduced by Saka [76] in early 2001 and its application in ISTE was first explored in 2010 by Lee and Lim [20] using Jatropha seed and by Levine [77] using Chlorella biomass in 2010. The main objective of using supercritical alcohols was to avoid the use of catalyst and improve the solubility between lipids and alcohols, but in turn required high temperatures and pressures of up to 300°C and 20 MPa, respectively. Less severe approaches operating under subcritical conditions (T o240°C and P o8 MPa) of alcohols to produce biodiesel were also investigated. Glisic [78] suggested that the use of subcritical alcohols is less energy efficient as it would require more energy in recovering the excess alcohols introduced to compensate for the lower reaction rate compared to supercritical alcohols. In view of ISTE, the use of excess alcohols or solvents are necessary in order to simultaneously react and extract the available lipids in biomass, thus the use of subcritical solvents may be more applicable in ISTE. Tables 11 and 12 summarize studies on subcritical and supercritical ISTE. It can be observed that these 2 processes have high tolerance to moisture and FFA contained in the feedstock. The use of sub or supercritical ISTE allows the use of dilute strong acid or weak organic acid under less severe operating conditions and lower catalyst loading; or in a catalyst free process operating under higher temperature and pressure. [63]
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Step 2 In most supercritical ISTE studies, not only alkyl donor at its supercritical conditions was involved but often carbon dioxide was also used. Carbon dioxide is extensively utilized as a green extracting solvent, which aids extraction and improves solubility in ISTE [74, 79, 80] .
For microbial biomass, compared to acid catalyzed reactions operated at moderate to ambient temperature, the use of sub and supercritical ISTE allows the reaction to reach completion in a much shorter time (o20 h), despite the presence of high water content (Table 12) .
Although sub and supercritical ISTE seem to have better tolerance to water [42, 81, 82] , hydrothermal stability should be taken into consideration. Shin et al. [83] found that fatty acids in general are stable up to 300°C at 20 MPa under subcritical water conditions, but unsaturated fatty acids like oleic and linoleic acid should not be exposed to such conditions for over 30 min. Imahara et al. [84] on the other hand recommends biodiesel production under supercritical alcohols to be kept at below 270°C to avoid thermal decomposition. Lim and Lee [81] found that methyl linoleate was the least stable, which started decomposing after 20 min of exposure to supercritical methanol at 300°C. Apart from the lipids, other biomass components like sugars and proteins are also present in the reaction. Under extreme reaction conditions, side products from these components may be generated and complicate downstream separation and recovery of FAME. No literature has so far looked into this potential problem, especially for sub and supercritical ISTE.
3.3.6. Two-step sub or supercritical process Two-step sub or supercritical ISTE always proceeds firstly with a hydrolysis reaction under subcritical water conditions followed by an in-situ (trans)esterification of the treated biomass in sub or supercritical alcohols. A few studies have so far looked into this approach using microalga biomass [77, [85] [86] [87] and whole Jatropha curcas kernels [82] .
Hydrothermally treated microalga biomass tended to clump together making it easier for separation [77] and during treatment lipids were hydrolyzed into FFA. Treatments were carried out at 215-250°C with retention times of 30-60 min and lipid recovery of 77-90% [77, 85] . The treatment of Jatropha kernels was carried out at 175°C, which resulted in increasing porosity of the kernels allowing the use of whole kernels in the subsequent step, while retaining over 95% of the lipids [82] . Table 13 shows results of the second step in the two-step ISTE. Common to both groups' results is the increase of lipid content in the treated biomass due to the solubilization of biomass in the aqueous phase.
Hydrothermal treatments of biomass co-produce carbon and nitrogen rich hydrolysates. Hydrolysates from Jatropha kernels were initially investigated to grow yeast and results showed that it is a potential substrate for culturing Y. lipolytica [82] . The use of hydrolysates produced from hydrothermal treatment of algae is an adopted idea of using yeast extract to grow yeast and other microorganisms. Levine and colleagues also employed this idea and their results are promising [77, [85] [86] [87] . Hydrothermal treatment of Nannochloropsis oculata dissolved almost 50% and 70% of carbon and nitrogen, respectively of its biomass into the aqueous phase that may be recycled as a sterile nutrient into the algae pond [87] . 
Mechanism of ISTE / reactive extraction
Several mechanisms have been proposed for ISTE. Harrington and D'Arcy-Evans [16, 18] discovered that higher yields by ISTE was due to the esterification of bound lipids and esterified lipid components had better solubility in acidic alcohol. Kildiran [88] investigated ISTE of soybean oil with various alcohols and found better solubility of acylglycerides (AG) in long chain alcohols, thus suggesting the process to proceed by successive dissolution and alcoholysis of AG. Haas et al. [58] and Qian et al. [89] reported that the presence of alkaline catalyst destroyed intracellular compartments, thus releasing AG and allowing its solubilization and subsequent transesterification.
Through lipid staining (Sudan Black B) and careful observations under a light microscope, Zakariah and Harvey [90] found that cell walls of rapeseed were basically intact during alkaline ISTE and suggested that the reaction involves diffusion of methanol through cell wall and reacts with the intact oil bodies. On the contrary, Kasim [91] utilized Jatropha kernels observed diminishing intact cells through staining. Considering that FAME yield and lipid content of the seeds used in both studies were very similar, such big observed difference may be the result of reaction time required which was about 0.2 h for Jatropha kernels and about 1 h for rapeseed (Table 7) . This means that diffusion, successive dissolution and breaking down of cell walls are all involved in ISTE but to a different degree depending on the characteristic of the biomass involved.
For enzyme catalyzed ISTE, immobilized enzymes are often employed requiring the extraction of cellular lipids first followed by transesterification of the lipids in bulk solvent. Except for those employing indigenous lipase found in oil seeds, reactions occur within the biomass and followed by diffusion of the esterified products to the bulk solvent [69] . The use of solid catalyst or heterogeneous catalyst and approaches where catalyst is not in direct contact with lipid inside the biomass follows similar scheme to that of immobilized enzymes.
Subcritical and supercritical ISTE is believed to involve extraction followed by reaction due to improved solubility of lipids in the alkyl donors or solvents. Since sub and supercritical may proceed with and without catalyst, (trans)esterification may well occur also within the biomass. This was observed in the subcritical ISTE study of Sutanto et al. [92] where whole sunflower kernels were utilized and a mixture of FAME and unreacted AG were still found in the solid residue. Solubilization and breakdown of biomass releasing the lipids could be possible since only about 10 wt% of the initial biomass was left after the reaction [79] . It was also observed that higher FAME yield was obtained from Jatropha kernels than sunflower kernels under the same reaction conditions despite the fact that Jatropha contains relatively higher lipids [92] .
The use of the term in-situ transesterification (ISTE) is somewhat ambiguous. In-situ means "in position" or "in place". Therefore technically speaking, only those that involve (trans)esterification reactions within biomass and simultaneously extract the reaction products and/or lipid constituents or undergo reactive extraction are true ISTE. While those processes that sequentially carry out extraction and (trans)esterification, having a distinct extraction step prior to the reaction are single-step (trans)esterification processes or pseudo-ISTE but not ISTE, since the reaction does not occur in place or inside the biomass.
Comparison of different ISTE processes (process variables)
Each process has certain advantages and disadvantages. Some of these advantages may bring certain disadvantages and vice versa. Thus it is better to look into specific process variables and indicators so to take better advantage of the available technologies in situations they are most favorable. Apart from the process indicators described in Section 2.1 to assess process efficiency, it is also important to look into the severity of the process parameters which may directly or indirectly affect the efficiency and the overall process productivity.
Size reduction and pretreatment/conditioning of biomass
Since ISTE involves the direct utilization of oil bearing biomass, the particle size of biomass plays a major role in the reaction rate [90] . Grinding of rapeseed to 300-500 μm resulted in a shorter reaction time (1 h) than that with a size of 1000-1400 μm (3 h) in a alkaline ISTE [90] . For supercritical ISTE using Jatropha seeds [20] , small particle size generally resulted in higher yields and faster reaction rates but particle size o 500 μm resulted in lower yields. Fine particles with high lipid content tend to agglomerate and reduce effective surface area, thus a particle size of 500-1000 μm is recommended for supercritical ISTE of Jatropha kernels [20] . Sutanto et al. [92] investigated ISTE of sunflower and Jatropha kernels, which were grounded to similar size and reacted under the same conditions. Despite containing higher extractable lipids Jatropha kernels resulted in higher yield (based on extractable lipid). The authors speculated that biomass composition might have influenced the process where Jatropha kernels were found to have lower lignin content, which require shorter time to breakdown the solid matrix leading to easier penetration of solvents and faster extraction. From the above discussion, the particle size required depends on the ISTE process involved, characteristic of the biomass and its lipid content.
Apart from grinding to reduce the particle size, homogenizers [18, 93] and ultrasonic probes [94] are widely used to break down cell walls and reduce the particle size. Various methods like extrusion and pulse wave treatment [95] , hydrothermal pretreatment [77, [85] [86] [87] , maceration [53, 96, 97] were also explored to provide efficient extraction. All the above treatments or conditioning methods tend to be energy intensive and require additional processing time. Except for hydrothermal treatments (Section 3.3.6), most other treatments do not produce useful side products to compensate for the cost incurred. In separate studies Go et al. [82, 92, 98, 99] provided alternative routes to directly utilize whole seed kernels, which avoid the need to reduce particle size.
Temperature and heating (convective and microwave assisted)
Reaction temperature is an important indicator of the severity of a process. Generally catalyzed reactions are carried out between room temperature and boiling point of the alkyl donor. Most catalyst may be applied at high temperature except for enzyme and solid catalyst which need consideration on their thermal stability. Depending on reaction mixture, ISTE carried out at 120-280°C is considered as subcritical and above 280°C as supercritical. Higher temperature is often associated with better solubility, faster reaction rate, less or no catalyst requirement but higher energy consumption and more severe process conditions. Most ISTE processes involve direct heating such as resistive heating. Another form of heating is through microwave irradiation, which has been applied to base [100] , two-step acid-base [65] catalyzed reactions and to supercritical alcohol conditions [101] . Microwave heating can either be constant irradiation [65, 100, 102] or temperature controlled irradiation [101, 103, 104] . Compared to microwave irradiation, conventional heating has a few drawbacks, such as heterogeneous heating of the surface, limitations by the thermal conductivity of material, specific heat, and density [65, 105] . Microwaves can easily penetrate cell walls providing the energy required for (trans)esterification [100] , rapid heating also generates temperature and pressure gradients, assisting the breakdown of cellular walls and enhancing mass transfer and improving reaction rate [65, 104] . However, scaling up of microwave irradiated process may be limited by the availability of material for construction, specific design data and process safety.
Solvent to solid ratio
Common alkyl donors utilized in ISTE are summarized in Table 4 . Since alkyl donor acts as solvent so excess amount is introduced in the reaction mixture. Unlike conventional process, in ISTE the amount of alkyl donor added is often expressed as solvent to solid ratio (SSR) instead of solvent to oil ratio (SOR). SOR may be more appropriate when used to compare solvent loading between ISTE processes of different or the same feedstock, while SSR is more limited to comparison between the same feedstock. This is mainly due to difference in the lipid content of feedstock. Besides it is also difficult to use the optimum SOR obtained from one feedstock with high lipid content to a feedstock with a lower amount of lipid since the solvent introduced based on the available lipid may not be sufficient to submerge the solid particles, and provide an environment for ISTE. Although it is important that enough solvent is introduced to the system, it should also be noted that excess amounts or high SSR may result in dilution of the system and a lower reaction rate [6, 10, 42, 75] . Apart from using SSR as the parameter for comparison between different ISTE, SSR has a strong implication on the overall productivity of a process.
SSR of an ISTE process depends mainly on the oil content of the biomass, capacity of the biomass to absorb solvent, density and morphology of the biomass. Besides biomass characteristics, other reaction constituents also affect SSR which include: the use of cosolvent, catalytic-solvents or phase-transfer-catalyst. Properties of common co-solvents and catalytic-solvents utilized in ISTE are summarized in Tables 14 and 15 , respectively. For co-solvents it can be classified into gas and liquid co-solvents. The use of cosolvents is mainly to improve the solubility between oil and alkyl donor, especially alcohols thus improving the reaction rate. Often overlooked is the fact that co-solvent is usually added at a fixed amount of alkyl donor, which actually results in higher overall SSR. Only when gas co-solvent like CO 2 is utilized, the apparent SSR remains unchanged. Thus a good co-solvent is one which allows the reduction of alkyl donor while maintaining or lowering the SSR. But it should be taken into consideration that co-solvent does not participate in the reaction and its quantity in the system remains the same while alkyl donor is being consumed thus resulting in the dilution of reaction mixture which is also true when excess amounts of co-solvent is added [69] . Cost, environmental hazard and toxicity of co-solvent should also be taken into account in the choice of co-solvents.
The selection of co-solvents and catalytic-solvents may initially be evaluated by considering the dielectric constants and octanolwater partition coefficients. These measures allow one to evaluate how good a solvent might help in the dissolution of oil and alcohol.
These properties are strong functions of temperature. The dielectric constant of sub/super-critical water for instance decreases with temperature and approaches the dielectric constant of acetone, a solvent known to have good solubility with oils. Apart from improved solubility, water is found to exhibit catalytic properties due to release of ionic species at temperatures from 175°C to 250°C [38, 45, 52] . Ju et al. [37] proposed using water as co-solvent and catalyst in biodiesel production and applied it in ISTE of wet activated sludge [106] , microalgae [107] and yeast [108] . Another catalytic-solvent explored is acetic acid which has been employed in biodiesel production using pure oils [75] and in ISTE [42, 82] . Acetone on the other hand is another potential solvent which has not been explored as catalytic-solvent in ISTE. Acetone above its critical temperature was found to possess catalytic activity and was able to form solketal through ketalyzation of glycerol [109] . As a cosolvent acetone has recently been successfully utilized in conventional base-catalyzed transesterification [110] . This maybe potentially adopted in ISTE to act as a catalytic-solvent and reduce glycerol productions.
Hailegiorgis et al. [111, 112] employed cetyltrimethylammonium bromide and benzyltrimethylammoniumn hydroxide as phasetransfer catalyst (PTC) in base catalyzed ISTE. The ability to form soluble complexes is the key mechanism of trans esterification reaction in the presence of PTC and a base catalyst [112] . The base catalyst forms reactive metal alkoxide with alcohol, which further forms complex with the cation of PTC. This catalytic complex dissolves more easily in oil and reacts with TG to produce biodiesel. The free PTC cation then complexes with DG creating a second active complex which then moves back to the alcohol phase to allow DG to react and convert oil to biodiesel and glycerol completely.
The use of co-solvents, catalytic-solvents and PTC are aimed to reduce the amount of alkyl donor needed, improve FAME yield and lower process severity. An important parameter to be considered is the overall loading of solvent in order not to result in a low overall process productivity.
3.4.4.
Reactor loading, space loading and system pressure For a chemical process, use of a reactor's available volume is often maximized within a safe limit. In ISTE, reactor loading is usually not a concern as long as adequate mixing can be achieved. For subcritical and pseudo supercritical ISTE, reactor loading is a concern as it will affect the amount of solvent present in the liquid phase. This is because some solvent will be in the void space as vapor; the amount of vapor depends on temperature, pressure and reactor loading.
Space loading, defined as the ratio of reactor volume to the amount of biomass loaded into the reactor, was first introduced by Lim and Lee [113] . It was used to determine the space available for solid biomass to effectively interact with solvent and provides an indirect means of measuring the reactor space available for the expansion of solvents during heating.
Lim and Lee [113] found that extraction yield was insignificantly affected by space loading while FAME yield was significantly affected. In their study, a 450 mL reactor was utilized. Lowering space loading from 90.0 mL/g to 54.0 mL/g resulted in an increase in FAME yield, but apparent drop in FAME yield was observed when space loading was decreased to between 36.0 and 18.0 mL/g. As space loading was decreased from 90.0 mL/g to 18.0 mL/g, an increase in pressure from 9 MPa to 25 MPa was observed. They suggested that a lower space loading might have resulted in higher diffusion and mass-transfer resistances due to higher solid to solvent ratio. Low FAME yield at high space loading (90.0 ml/g) may be due to low operating pressure exerted by methanol.
In another study, Go et al. [42] varied space loading from 80 to 12 mL/g and suggested that lower space loading is preferred as this means better utilization of the reactor's available volume. Moreover as space loading is decreased, the space available for the solvent to expand also is decreased thus resulting in a self-induced pressure, eliminating the need of gas co-solvents to pressurize the system to attain sub/super-critical state. Go et al. [42] also observed a dilution effect in subcritical ISTE when too much solvent was used. This was verified in a separate study on the transesterification of pure oils [75] .
A higher space loading indirectly implies a lower solid loading and a bigger space for expansion and vice versa. Instead of space loading, Go et al. [42] used reactor loading to describe the fraction of the reactor's volume occupied by the reacting mixture to provide a direct insight on how effective the reactor is used.
Whether space loading or reactor loading is employed to describe the reaction system, the available space for solvent vapor plays an important role. Studies carried out with sub or supercritical solvents and co-solvents should always consider maximizing the use of reactor volume without compromising safety.
Modes of mixing (mechanical and ultrasound assisted)
In ISTE reactions adequate mixing is required to provide a homogeneous mixture of liquid solvent and solid biomass. Mixing may be provided mechanically or via sonication. Mechanically agitated reactions can be done by using magnetic stirrer, mechanical impellers, incubator shakers, etc. Most commonly used in lab scale experiments are magnetic stirrers, whose mixing intensity are often calibrated for low viscosity materials. A major disadvantage of such mixing apparatus is its inability to provide or maintain the desired mixing rate or intensity for viscous liquid or mixture of liquid and solid with high solid loading. Shakers may provide better control of mixing intensity but may not provide adequate mixing for high solid loading samples. Mechanical impellers are most effective as it is capable of maintaining and providing the desired mixing intensity. Different impellers can be used to ensure adequate mixing. Due to the challenges in mixing, studies in ISTE often limits mixing at a certain intensity or power, simply to ensure that solids are well suspended in the reaction solvent. A few studies in ISTE have investigated mixing and found that 300 rpm of mixing (orbital shaker) is adequate to promote adequate distribution of seed particles in the reactor [114] . For reactions under supercritical conditions, mixing may not be necessary [113] , while those carried out near critical or in subcritical conditions, mixing may or may not be necessary, but mixing of the reaction mixture may result in shorter reaction time and reduced SSR [42] .
Sonication may be carried out directly through the use of an ultrasound probe or horn [115] and indirectly using an ultrasonic bath [56] . Its application resulted in the reduced reaction time [56, 96, 115] , due to improved mass transport between solid and liquid. This results from acoustic streaming where solvent momentum increases as it absorbs the energy from propagating sound waves. Cavitation due to implosion of bubbles formed by the waves results in surface erosion of the solid, deformation and defects within the solid, resulting in further particle size reduction and enhanced reactivity [56] . Most ultrasound assisted ISTE are carried out at low frequency (24-35 kHz) with varying power of 200-500 W [56, 96, 115] . Sonication may have difficulties in scaling up, to maintain a specific area of exposure to the ultrasound waves.
Operating modes (batch or continues)
Most researches on ISTE were carried out in batch mode. Batch is the preferred operating mode since the reaction involves large quantity of solid. The main disadvantage of batch reactions is the start-up and the subsequent down time to remove the reactants and products after reaction. The use of continuous reactor may be realized for microbial biomass. By using high SSR to well disperse the biomass, it can be pumped through a continuous reactor.
Calixto et al. [116] carried out ISTE of spent coffee ground using a semi-continuous system. Supercritical methanol (10 mL/min) was continuously pumped through 1.0 g of spent coffee ground for about 40 min. This semi-continuous process ensured efficient lipid extraction and simultaneous separation of biomass and products, at the expense of using higher solvent amount.
Catalyst loading, reaction time and process productivity
Catalyst loading and reaction time vary widely and are greatly affected by other process parameters (Tables 5-13 ). For catalyst loading involving soluble catalyst (acid/base), they are either expressed as wt% based on the available oil or biomass used or as concentration in the alkyl donor. Enzyme and solid catalyst are expressed as weight fractions of the available lipids/oils to be (trans)esterified. Generally the use of strong base or acid as catalyst requires less amount than enzyme and solid catalyst.
Since catalyst interacts directly with the available main reactant (lipids or oils) it is normally preferred that catalyst loading is expressed with respect to the available lipids. Considering that in most studies the amount of alkyl donor or SSR is often varied, it tends to dilute the catalyst concentration as SSR is increased at a fixed catalyst loading with respect to the available lipids. While at a fixed concentration of dissolved catalyst, the increase in SSR also means an increase in the overall catalyst loading. In case a catalyticsolvent like acetic acid is used, it would be difficult to express it with respect to the available lipid as it is also important to take it into account as solvent, so not will result in a very high SSR. There is no consensus on how catalyst loading should be expressed, what matters is to understand how one could affect the other and express it in a way which best describes the system involved.
From the published data, acid catalyzed ISTE have reaction times ranging from 0.5 to 24 h, while base catalyzed reactions have relatively shorter time of 15 min to 20 h. Combining both acid and base catalyst in a two-step process results in an improved reaction time which are generally less than 1.5 h. The use of enzymes like lipase as catalyst requires a reaction time of 8-36 h.
Sub and supercritical processes on the other hand require reaction times varying from 30 min to 8 h, which is similar to that in acid or base catalyzed reactions. One important consideration for sub and supercritical ISTE is the heating time and rate of heating. In some studies these are neglected since small reactors fabricated from stainless steel tubing and fittings were used [77, 85, 86] . Lab scale reactors (capacity 250-450 mL) require 40-90 min of heating time to reach the desired temperature and normally have a heating rate of 4-5°C/min [20, 42, 52, 74, 75, 79, 81, 82, 113, 117, 118] .
Although a short reaction time is preferred it should be noted that other parameters especially SSR and reactor loading must also be optimized to provide high productivity. Process productivity is seldom considered in the study of ISTE but is of great importance in the scale-up and design of the overall process as it would later affect the overall economy of the production plant.
Process economy (products and byproducts)
Data provided by the U.S. Department of Energy [119] shows that biodiesel in U.S. Many researches have been carried out with regards to ISTE process, but only very few have looked into the techno-economics of ISTE. The process economics not only depends on the process parameters involved, but also on the efficient utilization of feedstock. Besides the main product (biodiesel), the effective utilization of byproducts as an income generating source should lower the biodiesel production cost. Although there is only a limited indepth review regarding ISTE, most authors have agreed that the main challenge lies in the reduction of the alcohol or solvent used in ISTE [3, 121] .
An article in agricultural research [122] back in 2005 mentioned Haas works on in-situ base catalyzed ISTE of soybean oil [24, 58, 59, 95] and estimated cost of biodiesel produced through the said process was $3.14/gallon while the cost of diesel was $3.4/ gallon. The high cost was due to the excessive amount of methanol employed to overcome the problem associated with the moisture present in soybean flake. Drying of the raw material greatly reduced the amounts of methanol and subsequently the production cost decreased to $1.02/gallon [122] . Compared to conventional process producing biodiesel from soybean oil ($2.0/gal) it has a lower cost as estimated in a detailed process model by Haas et al. [26] . In their analysis it stated that about 88% of the cost in biodiesel production is associated with the oil feedstock.
As discussed in the previous sections, the amount of solvent required depends on the nature of the feedstock such as lipid content. Thus instead of trying to reduce the excessive solvent used in ISTE, some researchers focused trying different feedstock (lipid content) together with process optimization (solvent recovery ratio) to reduce production cost. In the following sections, strategies employed by various researchers to reduce the cost of biodiesel production and the overall economics of ISTE process will be discussed
Cost of biodiesel from ISTE
Economic studies on ISTE reported in literature are summarized in Table 16 , only the economics of acid and base catalyzed ISTE have been evaluated.
One of the first attempts to evaluate the ISTE economics was the group of Hernandez [123] [124] [125] [126] using municipal wastewater sludge as the feedstock. The advantage of using wastewater sludge as feedstock is its low cost. The main cost of using sludge as feedstock lies in dewatering and drying. In their preliminary study on lipid extraction from municipal sludge the cost of dewatering by centrifugation and drying was estimated to be $0.43 and $1.29 per gallon of biodiesel produced, respectively based on an average 7% yield in biodiesel per gram of dry sludge [126] . This was later used to estimate the biodiesel production cost in an ISTE process with sludge as the feedstock, using different yields $10% [124] and $4-5% [125] in their process model. This resulted in different cost estimation since the cost factor was expressed in terms of biodiesel produced and not with respect to the amount of water removed or sludge processed. Applying this factor to biomass with higher lipid content or higher biodiesel yield resulted in an Table 16 Summary of economic analyses on ISTE processes. overestimation of the cost and vice versa. When using dry activated sludge catalyzed by sulfuric acid (5 wt% based on dry sludge) with 15 mL methanol per gram dry sludge and reacted at 75°C, a breakeven price of $3.23/gal ($0.85/L) was obtained. This is lower than the cost of diesel fuel [124] . An attempt to decrease the cost further through the direct use of wet sludge at a reaction temperature of 60°C resulted in an increase in the methanol loading or SSR required to as much as 30 and 25 mL/g for wet and dry sludge, respectively. From the 3 different cases utilizing sludge the amounts of methanol vary significantly probably due to difference in sludge characteristics, inducing a great effect on the overall economics of the process. The increase in the amount of methanol required and the lower yield ( $4% for wet sludge and 5% for dry sludge) resulted in an increase of the break-even price ($14.48 for wet sludge and $7.42 for dry sludge, per gallon of biodiesel) [125] .
In their analysis Revellame et al. [125] suggested that drying of sludge to 50% moisture will be most economically beneficial and biodiesel yield should exceed 10% by weight of the feedstock and the annual biodiesel production should be at least 3 Â 10 5 gallons.
Although sludge is a cheaper feedstock, its consistency in terms of lipid or biodiesel yield remains a challenge in commercial production. Other researchers prefer the use of oil seeds such as Jatropha and rapeseed. Jatropha is cheaper than rapeseed since it is non-edible. Considering production stability and availability, rapeseed has advantage since it is a commercial crop. In the economic analysis of Kasim [91] using methanol and methyl acetate as the alkyl donor, it was found that methanol is more economical due to its lower cost. Although oil has better solubility in methyl acetate, catalyst has poor solubility in methyl acetate thus requiring the use of PEG as phase transfer catalyst which resulted in very high price of biodiesel produced. It was also suggested that the use of Jatropha is advantageous over soybean due to its much cheaper price [91] . Rapeseed is an edible oil cheaper than soybean oil and despite being more expensive than Jatropha oil still resulted in lower production cost probably due to the lower catalyst amount required, the difference in production capacity and life span of the production plant. It is also suggested that the recycle ratio or percentage of the methanol recycled should be balanced with the cost of energy required during recovery in order to make a process more competitive [91] . In a lab scale study Qian et al. [89] observed that the amount of recycled methanol utilized also affected biodiesel yield which drastically decreased from 98% to 25% when the recycling ratio was increased from 0.1 to 0.7. This was probably due to the poor quality of the recycled methanol containing excess water, which should be kept low especially for base catalyzed ISTE.
Apart from using oil seeds as feedstock, ISTE of biological refuse (sludge), microorganisms like algae and yeast were also well studied. A detailed economic analysis using Rhodosporidium toruloides biomass as feedstock was done by Koutinas et al. [127] , which took into consideration the cost of cultivation and recovery of the yeast. Despite an oil yield of 67.5% was achieved, the cost of microbial oil is very high even when the cost substrate (glucose) was assumed to be zero (Table 17 ). The high cost is attributed to the cost of the fermenter [127] . High capital investment to produce microbial oil is the main hindrance to its utilization, making it the most uncompetitive among the feedstock evaluated in terms of biodiesel production cost. It is also suggested that fermentation of microbial biomass should be carried out in fed-batch mode to have better productivity and coupled with recovery and purification of byproduct streams for extracellular products to compensate for the production cost [127] .
Among the feedstock evaluated, sludge could be the most promising if lipid and biodiesel yield can be maintained at high levels. Competitiveness of seed oils largely depends on the local availability, price, lipid content, productivity and effective utilization of the spent kernels or seeds after ISTE. While oil of microbial origin requires a cheap and easily available substrate coupled with innovative fermenter design to lower down capital cost. In general a more detailed economic model is required, which incorporates the effects of production scale, biodiesel yield, lipid content, biomass cost, solvent loading and recycling, revenues generated from byproduct streams and treatment of waste streams. In addition, economic analysis of other ISTE (two-step acid-base, enzymatic, sub and supercritical) processes and on feedstock like microalgae and agricultural residues are also worth exploring to better understand what other variables are affecting the production cost of biodiesel production by ISTE. Moreover, a realistic model not to mislead the potentials of each process is required.
Products and byproducts
The main byproduct of biodiesel production is glycerol. In non ISTE processes various byproducts produced due to using different alkyl donors are summarize in Table 4 . These byproducts are by far not quantified nor monitored in ISTE processes, especially those produced via enzymatic ISTE. By-products like ethyl levulinate, diethyl ether, and ethyl formate were observed in addition to biodiesel during acid catalyzed subcritical ethanol ISTE of wet microalgae in a study by Im et al. [128] . Apart from FAME and byproducts, spent biomass residue is coproduced in ISTE. Residues from oil seeds like soy [122] , rapeseed [129] , cottonseed [89, 130, 131] and Jatropha [91] may be used as feed-mix for farm animals and fish as they are rich in protein.
When utilizing residue as feed it should be free of toxins like phorbolesters in Jatropha and gossypol in cottonseed.
Utilization as feed-mixes only may not be enough to make ISTE process economically viable. There were reports of producing byproducts such as protein [132] and hydrolysates for fermentation from rice bran [133] .
Residue from microbial biomass could also be utilized. Yeshitilla et al. [134] used de-lipid Y. lipolytica cells to produce hydrolysate rich in glucose for ethanol fermentation. Production of low cost substrate from hydrolysate of biomass [77, 82, 85, 87] may also be produced prior to ISTE reactions as mention in Section 3.3.6. In the case of sub and supercritical ISTE, residues may be utilized as solid fuel or explored as basic catalyst and supports [79, 99] . Recovery of small amount but high value byproducts such as phenolics, flavonoids and sterols during ISTE process [79, 99] may also be taken into consideration to reduce production cost.
Future prospects in biodiesel production
Our dependence on energy, transportation and machinery are increasing. According to World Bank, the world average road sector diesel consumption per capita in kilogram oil equivalent has increased from $ 107 in 2004 to $119 in 2011 while gasoline has since decreased from $ 140 in 2004 to $135 in 2011. The net calorific value of gasoline (32.2 MJ/l) is less than that of diesel (35.9 MJ/l) while bioethanol and biodiesel have a calorific value of 21.1 MJ/l and 32.6 MJ/l, respectively [119] .
To cope with the demands, resources and technology available for biodiesel production should be efficiently utilized. Instead of focusing on the drawbacks of each feedstock or biodiesel production process to disprove or discourage its use, these drawbacks should be taken positively to integrate and maximize their use in scenarios where they are most suitable.
Use of edible sources for biodiesel
Compared to non-edible feedstock, edible sources are more readily available and are widely produced for human consumption. Growing of non-edible sources to avoid competition in the food chain may not totally resolve the problem due to competition of land usage. Instead, edible oils may be utilized in the form of used or waste cooking oil together with adipose tissues of poultry and farm animals.
The world production of vegetable oils from 1992 to 2012 (Fig. 4) have increased by as much as 100 million tons in the annual production in a span of 20 years. Based on the databank provided by Food and Agriculture Organization of the United Nations Statistics Division, Over 60% of the annually produced oils have been utilized as food supply [135] . If the oils utilized in the food chain ends up as used cooking oil, a potential of $ 80 million tons of biodiesel could be produced annually. This amount is enough to cater the current world demand estimated at $ 63 million tons.
A summary of the average annual edible oil produced and the top producing countries of specific oils is shown in Table 17 . Palm is the most abundantly produced vegetable oil having a $ 30% share of the annual world production, followed by soybean ( $26%) and rapeseed ( $ 15%). The increase in vegetable oil production is limited to the top five vegetable oils produced (Fig. 4) : palm and palm kernel oil (Asia), soybean (Americas), rapeseed and sunflower oils (Europe). These are also the main biodiesel feedstock used by the respective regions.
The increase in the production of these edible oils may be due to the increase in demand as food but may also be due to the use of edible oils as feedstock for biodiesel production. If the collection and utilization of used vegetable oils can be effectively implemented, not only the cost of biodiesel can be reduced but the demand for refined vegetable oil may also be affected. This might result in a decrease in the overall demand of edible oils, which are currently produced to cope with energy demand. Apart from vegetable oils, animal fats can also be tapped for biodiesel production with a potential of $ 20 million tons at the end of 2012 [135] . Even with maximizing the use of available resources, it will only be enough to provide for the current need and will not be able to meet the increasing energy demand, thus utilization of alternative feedstock is inevitable.
ISTE process with non-edible feedstock
An inherent disadvantage of using non-edible feedstock for biodiesel production is its availability and stability in production. Feedstock from various non-edible sources would be preferable to keep up with the demand. Extraction and purification of oil from these non-edible sources is required to meet the requirements of current technology used in industry. This would result in an additional operating cost, which have been estimated and believed by many to be 70-80% of the overall production cost. discussions in this review ISTE seems to be a potential alternative in addressing this problem through the direct use of feedstock without the need of prior oil extraction. Moreover, researches have shown that process conditions could be optimized to cater to a wide range of feedstock addressing problems regarding moisture and FFA content. In addition the use of ISTE maximizes the utilization of available lipids, not only the storage lipids but also the structural lipids.
Oil containing agricultural and biological residues should be given more attention in biodiesel production as they are widely available at low cost. Among the potential feedstock explored, rice bran constitutes about 11% of the paddy rice (International Rice Research Institute, IRRI) and contains 15-23% lipid. As can be seen from Fig. 5 , the consumption of rice keeps increasing especially in the past decade. At the end of 2012 a potential of 11-16 million tons of rice bran oil could be utilized for biodiesel production, which could address a quarter of the current world demand for biodiesel.
Although a variety of feedstock have been studied and utilized for ISTE, there are still works to be done to come up with a set of process conditions for the various ISTE technologies, which could cater to a wider range of feedstock. A technology capable of and flexible enough to utilize various feedstock and catering to single or mixed oleaginous biomass would greatly hasten its commercialization. Apart from yield and conversion, improving the available ISTE process overall reaction and productivity should be looked into.
Future studies on ISTE should also look into the reactor design and mixing characteristics in order to provide insights on the scalability of the process. Moreover, innovative reactor configurations and modes (semi batch or continuous) should also be explored to cater feedstock where it would be most favorable.
Furthermore, an integrated bio-refinery approach should be explored together with the advancements in ISTE in order to maximize the utilization of feedstock and to improve process economics. With regards to the process economics a more detailed and realistic model should be developed incorporating its sensitivity to lipid content of feedstock, methanol recycling, cost in downstream processes and waste treatment. Most importantly models developed should incorporate the possibility of using part of the biodiesel produced or solid residues as energy supply in the process so to make it self-sustainable.
Conclusions
Future biodiesel production requires non-conventional resources such as oleaginous biomass, from which oil and lipids are esterified to produce FAME. ISTE is a promising alternative for the production of biodiesel, which reduces production steps through elimination of biomass pretreatment, lipid extraction and purification steps. It should be noted that only those that involve (trans)esterification reactions within biomass and simultaneously extracts the products and lipid constituents or undergoing reactive extraction are true ISTE.
The technology has been explored with catalytic and noncatalytic approaches each having their own advantages and disadvantages. Future studies on ISTE should clearly indicate the biomass characteristics (particle size and moisture content) and free fatty acid content in the lipids. Apart from feed characteristics, catalyst loading, solvent-to-solid ratio (SSR), solvent to oil ratio (SOR) are important parameters to take into account during ISTE reaction. Under sub and supercritical conditions reactor loading is an important parameter that should be looked into. The use of cosolvents is an effective way to improve solubility of reactants, but would require caution as not to result in a diluted system. Detailed study regarding the mode of heating and mixing should be done, so to have basis for later scale-up of the process. FAME yield should not be the sole indicator, process productivity should also be taken into consideration.
The use of edible sources could be avoided and lipids from such sources could instead be recovered from used/waste oil. Agricultural biomass residues and microbial sources for lipids should be the focus of future researches on ISTE. In order to justify the advantages provided by the process a good techno-economic analysis and process model should be developed incorporating relevant process variables. Moreover a robust and flexible process should be developed to cater feedstock of varying qualities and a self-sustainable, integrated bio-refinery concept should be developed. . Potential use of rice bran oil, based on world annual rice paddy production from 1992 to 2012 [135] .
